This journal is © The Oxygen vacancies (V O ) are known to be common native defects in zinc oxide (ZnO) and to play important roles in many applications. Based on density functional theory, we present a study for the migration of oxygen vacancies in ultra-thin ZnO nanowires (NWs). We find that under equilibrium growth conditions V O has a higher formation energy (E f ) inside the wire than at shallow sites and surface sites, with different geometric relaxations and structural reconstructions. The migration of V O has lower barriers in the NW than in the bulk and is found to be energetically favorable in the direction from bulk to surface. These results imply a higher concentration of V O at surface sites and also a relative ease of the diffusion in the NW structure. Our results support the previous experimental observations and are important for the development of ZnO-based devices in photocatalysis and optoelectronics.
Introduction
Zinc oxide (ZnO), an important wide band-gap semiconductor, has recently attracted growing attention due to its wide variety of potential applications in optoelectronics, photocatalysis and sensing [1] [2] [3] [4] . Although p-type doping of bulk ZnO is still a challenge [5] [6] [7] , it was reported to be possible within nanowire (NW) structures 8 , paving the way to realizing efficient utilization of ZnO as an optoelectronic material for blue and ultraviolet (UV) devices. Besides, enhanced photocatalytic activity of ZnO accompanied by strong defect-related emissions was also demonstrated in NW structures 9, 10 . As a native defect, oxygen vacancies (V O ) are common to exist in ZnO and as such play important roles in many applications. For example, they have been demonstrated to be electron donors responsible for the native n-type character 11 , and behave as a compensation center for ptype doping 12 . The surface of NWs presents significant challenges as well as opportunities for tuning the electronic properties of ZnO. For example, oxygen vacancies have been suggested to enhance the photocatalytic activity in ZnO NWs, since they can capture photo-generated electrons and holes separately, and play a role in the decomposition of organic contaminants [13] [14] [15] [16] and small molecules 17 . Moreover, the V O defect was also reported to be relevant in the optical emission of ZnO NWs in the visible region 18, 19 and to be responsible for their enhanced photocatalytic activity 20, 21 . Therefore, a 
Computational methods
We performed this study using the density functional theory In thermodynamic equilibrium, the concentration of a defect depends upon its formation energy. In this work, the formation energy of a neutrally charged oxygen vacancy is defined by:
where E tot (ZnO:V O ) is the total energy of a NW or bulk sample containing a single, neutral oxygen vacancy, E tot (ZnO) is the total energy of a perfect ZnO NW or bulk sample, and 
Results and discussion
We obtain a value of 0.73 eV for the formation energy of a Once the vacancy was created in the host, the relaxation of the defect will then take place to minimize the total energy of the system. Because of the surface dependence and the dimensionality difference with crystal bulk, the defect will possess different geometric configurations as occupying different oxygen sites of the To further understand the defect formation energy and the associated structural reconstruction in the NW, we next focus on the electronic structure, given in Fig. 4 (a) Beyond this specific application, the NW structure of ZnO may also prove to be useful as a means to optimize or control defect-related properties for numerous potential applications in optoelectronics and photocatalysis.
